Middle ear ossicles (malleus, incus, stapes) are known for few multituberculate taxa, and three different stapedial morphotypes have been suggested: (i) slender, columelliform and microperforate, (ii) robust and rod-like, and (iii) bicrural. Reinvestigation of Upper Jurassic (Kimmeridgian) mammalian petrosals from the Guimarota coal mine in central Portugal (Western Europe) revealed an asymmetric bicrural stapes (ABS) in the paulchoffatiid Pseudobolodon oreas. The middle ear ossicles displaced inside the osseous vestibule were detected by a mCT analysis. The Kimmeridgian age of the Guimarota stapes exceeds the stapes from the Early Cretaceous (Barremian) of Asia (about 122-124 Ma) by approximately 30 Myr, and is only slightly younger than the stapes of the recently described Oxfordian euharamiyidan Arboroharamiya allinhopsoni. The Guimarota stapes indicates that the stapes of Lambdopsalis, described as columelliform and microperforate (small stapedial foramen), does not represent a general condition for multituberculates. The stapes of Pseudobolodon is bicrural, the anterior crus sits centrally on the oval footplate, and the stapedial head is simple and smaller than the footplate. We hypothesize that the ABS evolved from the symmetric bicrural stapes (SBS) of non-mammaliaform cynodonts. The ABS appears to be the ancestral morphotype of the mammalian SBS, and the mammalian columelliform imperforate stapes.
Introduction
The origin of mammals includes a suite of evolutionary transformations of the feeding apparatus (e.g. jaws and teeth) and sensory functions (e.g. sensitive hearing of high-frequency sounds). During early mammaliaform evolution, mandibular parts involved in both feeding and hearing segregated from the jaw corpus and formed a functional unit with the stapes (columella in non-mammalian vertebrates) to become the middle ear bones of mammals with exclusive hearing function (see [1] for review). The modifications enhance the hearing function (more sensitive perception of high-frequency sounds; see [2] ) and the efficiency of mammalian mastication [1, 3, 4] . The bones associated with the evolution of the mammalian middle ear are quadrate, articular, prearticular and angular. Today, the stepwise transformation of the non-mammaliaform cynodont jaw joint (i.e. quadrate-articular jaw hinge, primary jaw joint) into the transitional middle ear of non-mammalian mammaliaforms from which the characteristic middle ear ossicles of mammals develop is relatively well understood (e.g. [5] [6] [7] [8] [9] ).
More than a century ago Reichert [10] and Gaupp [11] postulated the homology of elements of the non-mammalian tetrapod feeding apparatus to the mammalian incus and malleus. The key discovery of these authors was that both the mammalian incus and malleus (except for its anterior process) and the non-mammalian tetrapod quadrate and articular develop from the same embryonic derivative of Meckel's cartilage. The evolution of the mammalian middle ear basically includes the following modifications of the ancestral quadrate-articular & 2018 The Author(s) Published by the Royal Society. All rights reserved.
jaw hinge: size reduction and increasing mobile suspension of the quadrate (incus) from the cranium, detachment of the prearticular-articular and angular from the mandibular corpus and, decrease of the articulation areas of the bones involved [6, 12, 13] . This complex bone reorganization of the mandible during the detachment of the mammalian middle ear is well supported by evidence from the fossil record (e.g. [1, 11, [13] [14] [15] [16] ). New fossils and improved clear staining techniques drew an even clearer picture of the evolution of the mammalian middle ear bones in more recent years (e.g. [3, 7, [17] [18] [19] [20] [21] ). Complex homoplastic events (convergences and reversals) in the evolution of the mammalian secondary jaw joint could be identified by phylogenetic analyses that included data from developmental genetics and gene patterning of early ontogenetic stages of extant mammalian species [3, 16, [21] [22] [23] [24] [25] [26] .
However, fossil evidence is still limited for middle ear ossicles of the major early mammalian groups. Once separated from the mandible, the delicate middle ear ossicles have a low potential to be fossilized. Complete and fragmentary stapes have been reported from several non-mammalian cynodonts including mammaliaforms, such as Haldanodon [27, 28] , Morganucodon [5] , Sinoconodon [29] , Brasilitherium [30] and gomphodont cynodonts [31] . One nearly complete stapes and several fragments have been reported for Cretaceous mammals (Eutheria [32] ; Multituberculata [33, 34] ; Eutriconodonta [7] ). The stapes of Pseudobolodon oreas [35] described here exceeds the age of the almost complete stapes of the eutriconodontan Chaoyangodens lii [36, 37] recently reported from the Yixian Formation, western Liaoning, China, by approximately 30 Myr. Han et al. [38] reported five auditory bones including a stapes in the gliding euharamiyidan Arboroharamiya allinhopsoni from the Upper Jurassic of Inner Mongolia, China.
Further discoveries of middle ear elements other than the stapes have been made in recent years mostly in Asia [7, 19, 33, 34, [39] [40] [41] [42] [43] . The discoveries include malleus (articular þ prearticular), incus (quadrate) and ectotympanic (angular) as well as ossified Meckel's cartilage remains. Among the three middle ear ossicles, the stapes has similar function in different vertebrate groups [6, 14, [44] [45] [46] , whereas malleus and incus have been shown to undergo remarkable functional changes (see, for example, [47] [48] [49] ).
The multituberculate ear region in particular has been addressed in several studies [33, 34, 39, [50] [51] [52] [53] . Miao & Lillegraven [50] were the first to report three middle ear ossicles in situ in the multituberculate Lambdopsalis bulla, from the Palaeocene of China. The enormous vestibule of Lambdopsalis causes two bulbous inflations on the ventral side of the basicranium, which appear morphologically similar to the auditory bullae of some modern mammals (such as the rodent Chinchilla lanigera) [54] , but are structurally different. Miao & Lillegraven [50] concluded that the arrangement of the relatively robust middle ear ossicles is similar to the condition found in modern mammals, but their orientation differs significantly as a result of the expansion of the vestibule. The manubrium of the malleus points anteromedially in modern mammals [55] , whereas in Lambdopsalis it was reconstructed as pointing posterolaterally [50] . Miao & Lillegraven [50] described the stapes of Lambdopsalis as imperforate and columelliform with a circular footplate and a stapedial ratio close to 1.0. For the Late Cretaceous multituberculates Kryptobaatar [34] and Chulsanbaatar [33] stapedial fragments were reported. In contrast to Lambdopsalis, the stapes of Kryptobaatar was interpreted as stirrup-shaped, or at least as having a stapedial foramen based on the presence of a stapedial artery groove on the promontorium and an eccentrically located slender crus preserved on a bony fragment interpreted as the stapes [34] . The paulchoffatiid Pseudobolodon oreas is the most primitive multituberculate for which middle ear elements are reported here.
Material and methods
The multituberculate skull fragments were found during systematic excavations from 1973 to 1982 in the Guimarota coal mine (Leira, Portugal), and described in detail by Hahn [56] . The Kimmeridgian vertebrate-bearing coal layers of Guimarota are interpreted as deposits of coastal freshwater lagoons periodically flooded with salt water, comparable with the Recent Everglades ecosystem in Florida [57] .
Skull parts of two individuals of Pseudobolodon oreas, Gui Mam 77 (i.e. V.J. 460-155 in Hahn [56] ) with one preserved petrosal (figure 1a) and Gui Mam 79 with two preserved petrosals, were studied using mCT. In addition, we examined a crushed posterior skull part of an unidentified paulchoffatiid multituberculate (Gui Mam 149/76) with both petrosals preserved. The middle ear elements reported here were identified inside the osseous vestibules (figure 1b,j).
The specimens were scanned using the mCT scanner vjtomejxs (GE Sensing & Inspection Technologies GmbH) housed in the Steinmann-Institut (Universität Bonn) at 120 kV and 120 mA with varying resolutions (Gui Mam 77 voxel size ¼ 0.016 mm; Gui Mam 79 voxel size ¼ 0.015 mm; Gui Mam 149/76 voxel size ¼ 0.021 mm). The machine produces isotropic voxels and image sizes of 1024 Â 1024 pixels. A shutter speed of 400 ms was used per capture. Avizo 8 (Thermo Fisher Scientific) was used for segmenting the middle ear ossicles. The stapedial ratio (ratio between the length and the width of the stapedial footplate) was determined following Segall [48] .
Definition of stapedial morphotypes
Stapedial morphotypes are defined using character/character state combinations (figure 2; electronic supplementary material, table S1) (a) Asymmetric bicrural stapes Stapes with two crura of rather slender appearance. The anterior crus connects to the centrum of the stapedial footplate, and will be termed 'central crus' in the following. The posterior crus connects to the posterior rim of the stapedial footplate. The central position of the anterior crus causes the asymmetrical shape of the bicrural stapes as reported for the docodontan Haldanodon [28] 
(c) Columelliform perforate stapes
Columellar outline with one central crus extending from the stapedial footplate. The columella has a stapedial foramen which can be small and slit-like (microperforate) to large, but not to the extent that it radically alters the columellar structure of the stapes (after [45] ). The foramen is located either centrally or basally near the stapedial footplate. The columelliform 'microperforate' stapes of Novacek & Wyss [45] is considered here to be a variation of the columelliform perforate stapes (CPS) morphotype. The footplate shape is circular to oval. The vestibular side of the footplate can be bullate, flat or concave. This condition is found in the marsupials Dasyurus and Phascogale [47] . Columelliform perforate stapes (CPS) character key: unicrural; one straight and slender to massive central crus; footplate shape circular to oval; vestibular side of footplate bullate, flat or concave; stapedial head smaller than footplate; stapedial head simple or complex; stapedial foramen small; stapedial muscle attachment site present or absent.
(d) Rod-like massive stapes
Stapes with a long massive stapedial shaft (quadrate process) between the proximal footplate and the distal end. The stapedial foramen, if present, is relatively small and positioned close to the footplate. The shape of the footplate varies from oval to circular. The vestibular side of the footplate can be CPS columelliform perforate stapes Dasyurus (redrawn from [47] ); RMS rodlike massive stapes Edaphosaurus (redrawn from [59] ); SBS symmetric bicrural stapes (left) Massetognathus (redrawn from [31] ); and SBS (right) Felis. Abbreviations: ac, anterior crus; cc, central crus; dp, dorsal process; pc, posterior crus; sfm, stapedial foramen; sh, stapedial head; stf, stapedial footplate.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172779 bullate, flat or concave. The distal end (quadrate process after [61] ) can be bony or cartilaginous. The distal part of the shaft ends in a flat surface of approximately the same size (circumference) as the shaft and is not bulbously enlarged as in the columelliform type. Stapedial bones of this morphotype can have large dorsal processes that articulate with the paroccipital process [6] . This condition is found in non-therapsid synapsids such as Ophiacodon or Dimetrodon ( [61] , p. 18, fig. 8 ). Rod-like massive stapes (RMS) character key: bicrural; two straight and massive crura; both crura marginal; footplate shape circular to oval; vestibular side of footplate bullate, flat or concave; stapedial head smaller to same size as footplate; stapedial foramen present or absent; stapedial foramen size microperforate to moderate; stapedial muscle attachment site present or absent; quadrate process present; dorsal process present or absent.
(e) Symmetric bicrural stapes Stapes with two marginal crura connecting to the anterior and posterior rim of the stapedial footplate. Like in the gomphodont Massetognathus [31] and non-mammaliaform cynodont Thrinaxodon [6] the two crura of this morphotype can be parallel (massive or slender) and frame a moderate to large stapedial foramen. In non-mammaliaform cynodonts, the posterior crus is often more slender and the proximal (stapedial footplate) and distal (articulation to incus) ends are of same size. A similar symmetric bicrural stapes (SBS) shape has been described for the eutriconodont Chaoyangodens [37] showing two massive parallel crura, which frame a large stapedial foramen, and the proximal and distal ends of the stapes of approximately the same size. In comparison, the SBS of modern mammals has rather slender crura, which can be straight or slightly bent to form the 'stirrup-shape', framing a moderate to large stapedial foramen. In mammals, the proximal end is always larger than the distal end (stapedial head), but the symmetry is obvious. The footplate shape is circular to oval. The vestibular side of the footplate can be bullate, flat or concave. Symmetric bicrural stapes (SBS) character key: bicrural; anterior crus marginal; posterior crus marginal; crura straight or bent and slender to massive; footplate shape circular to oval; vestibular side of footplate bullate, flat or concave; stapedial head smaller or of same size as footplate and simple; stapedial foramen moderate to large; stapedial muscle attachment site present or absent.
Comparative description of the new material
Hahn [56] has published a detailed description of the petrosal bone of Pseudobolodon oreas and here we focus on the new information on the middle ear ossicles.
(a) Stapes
The best-preserved stapes was found in specimen Gui Mam 77 ( figure 1c-e) . The footplate of the stapes is oval-shaped (stapedial ratio ¼ 1.5) with an upward bending bony rim on the anterior side. Similar stapedial ratios and shapes were found in the other two specimens (Gui Mam 79, Gui Mam 149/76). Only specimen Gui Mam 77 has the posterior crus preserved, which appears posteriorly bent and slightly twisted to the lateral side. A preserved short part of the central crus forms a hook at the distal end of the posterior crus ( figure 1c,d) . The central crus of the stapes in Gui Mam 77 is broken, but the occurrence of two crura is evident by the shape of the distal end of the central crus and the bony ridge in the centre of the stapedial footplate. The bony knob at the hook-shaped distal end of the posterior crus is interpreted here as the stapedial head. However, interpretation of this structure as stapedial process cannot be fully ruled out. In the latter case, the two crura would be unusually long and more small bony fragments should be visible in the mCT slices. The stapes of Pseudobolodon oreas differs distinctly from the CIS of extant monotremes with a circular footplate and one central columella, and also from the stapes of the Palaeocene multituberculate Lambdopsalis bulla, which has been described as columelliform but microperforate (CPS) [51] . The morphology basically resembles the shape of the stapes reported for the docodontan Haldanodon exspectatus from the same locality (see electronic supplementary material, figure S1g-j), which is reconstructed as asymmetric bicrural (ABS) with a circular footplate [28] . However, Pseudobolodon differs slightly from this condition in having an oval-shaped footplate instead of circular (see electronic supplementary material, figure S1 for comparisons). According to Hahn [56] the fossa incudis sits antero-laterally to the fenestra vestibuli, which is generally oriented vertically. The stapes therefore must have been in antero-lateral articulation with the incus.
(b) ?Malleus fragment
We interpret the piece of bone posterior to the stapes as a part of the malleus head ( figure 1f,g ). This flat axe-shaped piece of bone has a long bony process on the ventral side with a rather flat anterior ending. This process is interpreted as part of the manubrium that connects to the tympanic membrane. The long slender and tapering part of the manubrium is broken off. It is unclear if the short process of the malleus head is completely preserved or anteriorly broken. Thus, the articulation to the incus may have either occurred via the short-pointed process on the posterior side of the square-shaped flat part of the malleus head (figure 1k), or via a now broken off articulation facet anterior to the small process. Malleus fragments have been described for several Late Cretaceous multituberculates (e.g. Lambdopsalis [50] ; Chulsanbaatar [33] ; Kryptobaatar [34] ), but the shape of the head is largely unknown. The unsculptured fragment of the malleus head of Pseudobolodon lacks diagnostic features (e.g. articulation facets, grooves). In addition, the bone fragments described here as a part of the middle ear ossicles are not in natural position which makes their interpretation difficult.
(c) ?Incus fragment
We interpret the piece of bone medial to the stapes as the long process of the incus, or at least a part of it (figure 1h,i). This fragment is club-shaped with a bulbous medial end, representing the lenticular process exposing a groove for the articulation with the stapes. The body is straight and dorsoventrally compressed, slightly widening in lateral direction. This bone shows a small process on the lateral end, for the articulation with the head of the malleus. The small process is interpreted as a possible remnant of the incomplete crus breve (figure 1k). Hurum et al. [33] reconstructed an A-shaped incus for the Late Cretaceous multiutberculate Chulsanbaatar vulgaris but with the actual length of the long process unknown. By contrast, the rather simple incus illustrated by Miao & Lillegraven [50] for the Late Cretaceous multituberculate Lambdopsalis bulla shows a small dorsoventrally flattened body, and a large lenticular rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172779 process quite similar to the bone fragment of Pseudobolodon described here. But Rougier et al. [34] reinterpreted the shape of the incus of Lambdopsalis and suggested that it may have been a larger element. However, it cannot be ruled out that the bone interpreted here as part of the incus, based on its similarities to the incus of Lambdopsalis, is part of the central crus of the stapes because of its position near the centre of the stapedial footplate.
Discussion
The unique morphology of the stapes remains poorly known for most Mesozoic mammals, but in some special cases the delicate structure is preserved (Morganucodon [5] ; Haldanodon [27, 28] ; Sinoconodon [29] ). Fragments of the stapes were reported for the Late Cretaceous multituberculates Kryptobaatar [34] , and Chulsanbaatar [33] , and Early Cretaceous eutriconodonts [7, 19] . Because of large gaps in the fossil record, the ancestral condition of the mammalian stapes and its transformation during the evolution of the mammalian middle ear is still unclear [45, 51] . Kermack et al. [5] reported 12 stapedial fragments attributed to Morganucodon, all having a relatively large footplate (relative to the skull size) with two crura (see electronic supplementary material, figure S1l-o). The authors concluded that the Morganucodon stapes had a shape more similar to the stapes of therapsids like Thrinaxodon. Novacek & Wyss [45] suggested that a non-mammaliaform cynodontlike rod-shaped stapes with a stapedial foramen persisted within early mammaliaforms because of its common occurrence in non-mammaliaform cynodonts and other tetrapods. They also discussed the possibility that the monotreme CIS may be ancestral to that of therians. Novacek & Wyss [45] questioned the view that the strongly bicrural, stirrup-like stapes of modern mammals represents the ancestral condition, as purportedly suggested by Goodrich [62] . However, Goodrich ([62] , p. 457) himself describes the mammalian ancestral stapes loosely as 'probably stout, perforated, and attached distally to the quadrate'; he did not use the terms 'strongly bicrural' or 'stirrup-like' in regard to the ancestral morphology. Henson [49] and Fleischer [14] followed Goodrich [62] and considered the CIS of monotremes a derived condition rather than the retention of a plesiomorphic state. Basically, two main hypotheses remain for the mammalian ancestral state of the stapes: rod-like perforated of non-mammaliaform cynodonts sensu Novacek & Wyss [45] or the columelliform imperforate of monotremes.
In most studies that discuss the ancestral condition of the mammalian stapes, the term 'rod-like' is used when the general condition of the non-mammaliaform cynodont stapes is described [45, 63] . This term appears inaccurate given the broad variety of stapedial morphologies in non-mammaliaform cynodonts (see [31] ). In fact, the stapes of Thrinaxodon, for example, has a square outline, a large stapedial foramen and two relatively parallel crura, with a footplate as wide as the distal end [6, 64] . This shape differs from the 'rodlike' stapes of more primitive forms such as Ophiacodon or Dimetrodon [63] . Both taxa show a long stapedial shaft that causes the 'rod-like' appearance (RMS; figure 2) , which resembles more a columelliform shape than the squareshaped stapes of Thrinaxodon. The same square-shaped morphology has been reported for many primitive cynodonts, including the gomphodont Massetognathus (see electronic supplementary material, figure S1p), and the non-mammalian cynodonts Procynosuchus and Probainognathus [6, 31] . Allin & Hopson ([6], p. 591, fig. 28.3) illustrate the decrease of the stapedial shaft in the evolution of the non-mammaliaform cynodont middle ear, linking it to size and mass reduction of the entire middle ear system for more effective transmission of airborne sound. Such a reduction leads to the squareshaped morphology in non-mammaliaform cynodonts such as Thrinaxodon.
Gaetano & Abdala [31] recently showed that the nonmammaliaform cynodont stapes can rather be characterized as a bicrural bone than as 'rod-like', perforated by a relatively large stapedial foramen. They stated that the reiteration of the cursory 'general description' of non-mammaliaform stapes in former contributions can lead to the incorrect impression of a conserved morphology of the stapes among non-mammaliaform cynodonts. Gaetano & Abdala [31] made a clear case that the stapedial morphology highly varies among the different gomphodont taxa they have investigated (see electronic supplementary material, figure S1p,q).
Estes [65] described the stapes of the non-mammaliaform cynodont Thrinaxodon liorhinus as having basically a circular footplate. The footplate shows ventrolaterally two slender arms enclosing a large stapedial foramen, and basically a similar width as the stapedial head. The Pseudobolodon stapes reported here has an oval footplate (stapedial ratio of 1.5) with a laterally bending bony rim forming a distinct bony ridge on the lateral side, and a narrower stapedial head relative to the footplate (figure 1e). Thus, the stapes of Pseudobolodon differs significantly from that of Thrinaxodon. The stapedial shape of Pseudobolodon differs also distinctly from the monotreme CIS showing a circular footplate and one columella, and from the stapes, described as columelliform, of the Palaeocene multituberculate Lambdopsalis (see electronic supplementary material, figure S1d-f). Miao & Lillegraven [50] first described the stapes of Lambdopsalis as columelliform and imperforate with a circular footplate (stapedial ratio close to 1.0); later Meng [51] reported an isolated stapes of Lambdopsalis with basically the same shape, but microperforate, showing a slit-like stapedial foramen. In contrast, a partial stapes of the Late Cretaceous multituberculate Kryptobaatar was interpreted by Rougier et al. [34] as bicrural because of the presence of a groove on the promontorium for the stapedial artery and the remnants of the stapes itself. Their argument is well justified, because in living mammals with both a bicrural stapes and a stapedial artery, the artery invariably passes through the stapedial foramen [34] . The partial stapes of the Late Cretaceous multituberculate Chulsanbaatar was described as a log-like stapedial shaft [33] . In their restudy, Rougier et al. [34] question the stapedial origin of this piece of bone, as they describe the shaft as unusually curved posteriorly. Interestingly, the stapes of the Upper Jurassic Pseudobolodon shows a similar posterior directed bending of the posterior crus. However, we interpret the curvature as an artefact resulting from the fossilization process, because such a posterior bending is not known from any other mammalian stapes.
Monotremes and Lambdopsalis were so far considered to show a very similar columelliform stapedial morphology. Apart from those, the CIS has been observed in pholidotans and many marsupials (e.g. Dasyuromorpha, Caenolestidae, Notoryctes). The columelliform stapes has long been considered to be the plesiomorphic condition for mammals based on the occurrence of a CIS in monotremes and some marsupials, as rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172779 well as the similarity to the posterior portion of the columella auris in non-mammalian tetrapods [45, 47, 48, 66] . The columelliform stapes of Lambdopsalis was interpreted in favour for this hypothesis [67] . However, Goodrich ([62] , p. 457, footnote 1), based on embryological studies, argued that a secondary origin for the marsupial and monotreme columelliform stapes is very likely: 'it [the stapedial anlage] surrounds the stapedial artery in the blastematous stage'. A bicrural stapes penetrated by a stapedial artery has been suggested as ancestral for Monotremata, Multituberculata and Theria before [51] .
Meng et al. [68] described the stapes and incus of the Jurassic euharamiyidan Arboroharamiya jenkinsi [69] . The stapes is of particular interest because of the possible sister-group relationship of Haramiyida and Multituberculata, a controversially debated hypothesis [70] [71] [72] [73] . The Arboroharamiya jenkinsi stapes has been described as bicrural with a massive posterior process for the insertion of the stapedial muscle (PISM sensu Meng et al. [68] ), a huge stapedial foramen and a rather small footplate compared to its distal end (see electronic supplementary material, figure S1k). According to the position of the stapes within the fossil the broad distal end has been interpreted to be in articulation with the incus. In this specimen there is almost no cranial element preserved [69] , the middle ear ossicles are out of their natural position, and therefore the interpretation of the articulation between stapes and incus seems difficult. According to Meng et al. [68] the broad distal end of the stapes of Arboroharamiya jenkinsi has similarities to the prominent posterior process of the stapes of the eutriconodontan Chaoyangodens. However, the stapes of Chaoyangodens has a solid footplate in addition to the PISM, and differs in this regard from that of Arboroharamiya jenkinsi. In fact, the size of the structure identified as the stapedial footplate in Arboroharamiya jenkinsi is suspiciously small and slender with almost no bony substance ( [68] , p. 3, fig. 1 ). The recently reported more robust stapes of Arboroharamiya allinhopsoni preserved in the fenestra vestibuli has a much more solid footplate [38] than that of Arboroharamiya jenkinsi. In our opinion, the thin footplate of Arboroharamiya jenkinsi differs significantly from all stapedial footplates reported so far for mammaliaforms, multituberculates, euharamiyidans and other mammals; and in the light of the asymmetrical bicrural and bullate stapes of the multituberculate Pseudobolodon described here, we present a different interpretation of the stapes of Arboroharamiya jenkinsi. The structure identified as the PISM is likely the upward bent rim of the anterior part of the stapedial footplate, that we also observed in Pseudobolodon (see electronic supplementary material, compare figure S1a,b,k). If so, the whole distal structure formerly identified as the distal end of the stapes becomes the footplate, with a central crus and a posterior crus (see electronic supplementary material, figure S1k for reinterpretation of structures). The slender structure formerly identified as the footplate becomes the stapedial head with a rather small articulation area for the incus. In contrast, the structure described as the stapes of Arboroharamiya allinhopsoni shows a long PISM in addition to a solid footplate, but the shape of the footplate is partly obscured by matrix and bone fragments. The available computed laminography image ( [38] , extended data fig. 5b ) provides no further information about the threedimensional structures of the stapes. In our interpretation, the fossil stapes of Arboroharamiya jenkinsi was split in half, and its outline was originally very similar to the outline of the stapes of Pseudobolodon. Under this consideration, the morphology of the stapes of Arboroharamiya jenkinsi is an ABS, as observed in other basal mammaliaforms (see electronic supplementary material, figure S2 ). Since the ABS seems to be a plesiomorphic condition for mammaliaforms, the stapes of Pseudobolodon cannot contribute to the question of the haramiyidan-multituberculate relationship.
The ancestral state of the mammaliaform stapes is thus characterized by: an asymmetric bicrural shape, one central crus, a posterior crus positioned at the posterior rim of the footplate, and a stapedial head that is smaller than the footplate. We hypothesize that this pattern evolved from the symmetric bicrural non-mammaliaform cynodont stapes, with crura at the anterior and posterior rim of the footplate, and with a stapedial head that is largely as wide as the footplate [6, 31] (see electronic supplementary material, figure S2 ). It is noteworthy, that the footplates of the stapes of some gomphodont species show a flaring on the side of the anterior crus (see [31] , p. 5, fig. 1B Langbergia, D-E Trirachodon, G Luangwa; p. 8, fig. 2B Massetognathus) . Regularly the anterior crus is thicker than the posterior (see [31] , p. 5, fig. 1B Langbergia, D Trirachodon, H Luangwa; p. 8, fig. 2A ,B,E Massetognathus).
The evolution of the mammaliaform ABS pattern involved: (1) widening of the footplate, (2) expansion of the already present flaring of the anterior part of the footplate and shifting of the anterior crus to a central position, (3) thinning of the crura and (4) reduction of the stapedial head. It should be noted that some gomphodont cynodonts already show a significantly smaller stapedial head as reported for Diademodon and Trirachodon [31] .
Because some non-mammaliaform cynodont taxa and also Arboroharamiya jenkinsi have a thinner posterior crus [31, 68] , it is conceivable that a stepwise reduction of the posterior crus during evolution leads to the CIS morphotype observed in monotremes (e.g. Tachyglossus), marsupials (e.g. Notoryctes), or in placentals (e.g. Manis). The CIS is therefore secondary. The CPS in contrast is very likely the result of the stepwise fusion of the two crura of a SBS linked to the shrinking of the stapedial foramen and widening of the footplate around both crura (e.g. in the bathyergid rodent Heterocephalus (see [74] )). This in turn could also lead to the CIS morphotype, when the stapedial foramen gets fully closed (for example in the xenarthran Cyclopes (see [45] ). Alternatively, it is possible (but unlikely, as the presence of a stapedial foramen strongly depends on the expression of the stapedial artery) that the CPS was formed by opening a neomorphic foramen in the columella of the CIS, considering that both the CPS and CIS occur in not closely related mammalian groups.
The presence of an ABS in the paulchoffatiid multituberculate Pseudobolodon makes a reassessment of the stapes of Lambdopsalis necessary, considering that doubts about its columelliform shape have been raised before (see [34, 53] ). Even more, in the original description by Meng ([51] , p. 461, fig. 1C and D) a broken area is illustrated on the posterior margin of the footplate of the Lambdopsalis stapes (see electronic supplementary material, figure S1d, black arrow), which suggests the possibility for the former presence of a posterior crus. Therefore, the stapes might also have been asymmetric bicrural instead of columelliform, similar to that observed in the more basal Pseudobolodon which shows the plesiomorphic stapedial pattern for multituberculates. If the CPS type as described for Lambdopsalis derived from the ABS type (present in Pseudobolodon) by simply reducing the posterior crus, the stapedial rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172779 foramen got lost. In such a scenario the foramen that occurs in the central crus of Lambdopsalis would be a neomorphic and non-homologous structure. However, it is also possible that the CPS evolved by fusion of the two crura. In this case the stapedial foramen of the central crus would be homologous to the stapedial foramen of the ABS.
Conclusion
In one specimen of Pseudobolodon oreas a nearly complete stapes, partial incus and partial malleus head were recognized and reconstructed ( figure 1a-d,f-i,k) . The stapes is asymmetric, showing a posterior and central crus. The malleus fragment is a flat axe-shaped bone with a long bony process on the anterior side ending flat due to damage. On the posterior end a short bony process, probably for articulation with the incus, is present. The incus is club-shaped with a bulbous medial end exposing a groove for the articulation with the stapes.
The finding of an ABS in Pseudobolodon demonstrates that the stapes of Lambdopsalis as it was first interpreted (columelliform, microperforate) does not represent a general condition for multituberculates, as suspected by others before. The ABS of Pseudobolodon is characterized by the following features: bicrural, presence of a central crus, oval and bullate footplate and a simple stapedial head which is smaller than the footplate. The finding of an ABS in the Upper Jurassic paulchoffatiid multituberculate Pseudobolodon supports the view that the ancestral multituberculate morphotype was an ABS, with a central and a posterior crus. If the columelliform shape of the Late Cretaceous multituberculate Lambdopsalis holds true, the CIS must be secondarily acquired by either the reduction of the posterior crus or fusion of both crura. In the former case, the foramen in the central crus interpreted as the stapedial foramen, is not the stapedial foramen but a neomorphic structure.
Data accessibility. Primary scan data of the Pseudobolodon oreas ear region (specimen Gui Mam 77) and the reconstructed STL file of the three middle ear ossicles were uploaded to the Dryad Digital Repository: https://doi.org/10.5061/dryad.s2d3c [75] .
